Abstract: Contact friction between moving components leads to severe wear and failure of engineering parts, resulting in large economic losses. The lubricating ability of the protic ionic liquid, tri-[bis(2-hydroxyethylammonium)] citrate (DCi), was studied as a neat lubricant and as an additive in a mineral oil (MO) at various sliding velocities and constant load on an aluminum-steel contact using a pin-on-disk tribometer. Tribological tests were also performed at different concentrations of DCi. When DCi was used as an additive in MO, friction coefficient and wear volume were reduced for each sliding velocity, with a maximum friction and wear reduction of 16% and 40%, respectively, when 2 wt % DCi was added to MO at a sliding velocity of 0.15 m/s. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were also applied to analyze the wear mechanism of the interface lubricated by MO and DCi as additive.
Introduction
Aluminum is widely used in different industries due to its beneficial chemical and physical properties [1] . Its high strength-to-weight ratio makes it very useful in automobile and aerospace industries [1, 2] . When used in these types of applications, aluminum is often subjected to different sliding velocities with different materials. When it is in contact with different materials, due to its poor tribological properties, the system is very difficult to lubricate [3, 4] .
Appropriate lubricants in steady operation can improve the lifespan of engineering systems [5] . Recently, different types of additives were used in lubricants to reduce friction and wear. These additives offer intrinsic properties like anti-wear agents, resistance to rust and corrosion, and improvement in viscosity [6] . Among them, ionic liquids (ILs) gained more attention as they possess good properties like high thermal stability, non-flammability, negligible volatility, and ultra-low vapor pressure [7] [8] [9] [10] . Specifically, a small amount of ILs as additives could enormously enhance the performance of a system [11] . ILs are synthetic salts in a molten state below 100 • C, and some ILs are liquid at room temperature [12] . They contribute to increasing the service life span of engineering systems by forming ordered layers in a liquid state between the two rubbing surfaces, which increases the load carrying capacity of the lubricant and helps lower the friction coefficient [13, 14] . Research studies were done on various contact surfaces like steel-steel using tetraalkylphosphonium-based [11] and choline chloride ILs, titanium-steel using imidazolium- [12] and ammonium-based ILs [15] , and aluminum-steel using imidazolium- [3] , ammonium- [13] , and phosphonium-based ILs [16, 17] .
Protic ionic liquids (PILs) are formed via the combination of a Brønsted acid and a Brønsted base [18] . PILs possess a wide range of properties, such as high thermal and electronic conductivity, non-flammability, and low toxicity [19] . They can be tailored by changing the cation and anion Table 1 . Molecular structure and empirical formula of tri-[bis(2-hydroxyethylammonium)] citrate (DCi).
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Lubricants 2018, 6, x FOR PEER REVIEW 2 of 14 flammability, and low toxicity [19] . They can be tailored by changing the cation and anion structures to satisfy specific requirements [13] . Due to the easy synthetic route, and low cost and toxicity, PILs can be a suitable alternative to aprotic ionic liquids (AILs), which are another subset of ILs and have no acidic protons as cations [20] . The transference of protons in PILs from the acid to the base creates proton-donor and proton-acceptor sites, leading to the formation of hydrogen bonds [21] . Most PILs that were studied until now always contained fluorine or sulfur in their compositions [11, 19, 22] . Tri-[bis(2-hydroxyethylammonium)] citrate (DCi) is made up of an ammonium cation and a carboxylate anion, which just contain carbon, hydrogen, nitrogen, and oxygen, and can be considered as an environmentally friendly ionic liquid.
In this study, the lubricating ability of tri-[bis(2-hydroxyethylammonium)] citrate (DCi) as an additive in a mineral oil and as a neat lubricant was tested at different sliding velocities and a constant load. Effects of these parameters on the loss of wear volume and the coefficient of friction for an aluminum-steel contact were studied using a pin-on-disk tribometer.
Materials and Methods
In this study, tri-[bis(2-hydroxyethylammonium)] citrate (DCi) was used as an additive to a mineral oil. DCi was synthesized in our laboratory with diethanolamine (≥98.0) and citric acid (≥99.5%) that were purchased from Sigma Aldrich (St. Louis, MO, USA). Citric acid and diethanolamine were dissolved in ethanol; then, the two solutions were mixed together using a magnetic stirrer at room temperature in an argon atmosphere. After the heat evaporation of the ethanol in the argon atmosphere, the viscous liquid was dried under a vacuum line. The molecular structure and empirical formula of DCi are shown in Table 1 . The proton nuclear magnetic resonance ( 1 H NMR) spectrum was done using a Bruker Ultrashield 300 MHz spectrometer (Billerica, MA, USA) with DMSO-d6 as solvent and TMS as internal standard. The viscosity of DCi was measured on a BROOKFIELD Viscometer DV2T-LV (Middleboro, MA, USA) in the range of 25 °C to 100 °C. The thermogravimetric analysis was conducted using a TA Q500 (New Castle, DE, USA) in air atmosphere in the range of 10 °C to 600 °C with a heating rate of 10 °C/min. The base mineral oil (MO), Base Oil VG46, was kindly provided by REPSOL (Madrid, Spain), and had a density of 868 kg/m 3 at room temperature. Table 1 . Molecular structure and empirical formula of tri-[bis(2-hydroxyethylammonium)] citrate (DCi).
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C18H41O13N3
Aluminum 6061 (0.80 wt % Si, 0.70 wt % Fe, 0.40 wt % Cu, 0.15 wt % Mn, 1.20 wt % Mg, 0.35 wt % Cr, 0.25 wt % Zn, and 0.15 wt % Ti) discs (31.70 mm in diameter and 9.525 mm in thickness) were kept in sliding contact with AISI52100 steel balls of 1.5 mm in diameter using a custom-designed pinon-disk tribometer, as shown in Figure 1 . Table 2 shows the modulus of elasticity and Poisson's ratio for the materials used in this study. Aluminum 6061 (0.80 wt % Si, 0.70 wt % Fe, 0.40 wt % Cu, 0.15 wt % Mn, 1.20 wt % Mg, 0.35 wt % Cr, 0.25 wt % Zn, and 0.15 wt % Ti) discs (31.70 mm in diameter and 9.525 mm in thickness) were kept in sliding contact with AISI52100 steel balls of 1.5 mm in diameter using a custom-designed pin-on-disk tribometer, as shown in Figure 1 . Table 2 shows the modulus of elasticity and Poisson's ratio for the materials used in this study. DCi was added to MO with concentrations of 1 wt % and 2 wt %. A magnetic stirrer was used for 6 h at room temperature until the DCi was completely dissolved in the base mineral oil. After this process, the lubricants were ultrasonicated for one hour to obtain two homogenous mixtures with clear and transparent appearances. Neat MO was also used for comparison purposes. Each tribological test was conducted under a constant normal load of 2.94 N, which corresponds to a mean effective Hertz contact pressure of 1.00 GPa, a sliding distance of 850 m, and a wear-track radius of 10 mm at room temperature. At least three tests were performed under identical conditions for each lubricant, and the lubricant amount was set as 1 mL with no more lubricant added during each test. The friction coefficient along with the sliding distance was constantly recorded for each test.
Wear-track widths for each sample were measured using a BX60M Olympus optical microscope (Center Valley, PA, USA). At least 24 values of wear-track width were measured along the wear track to get an average value. The loss of wear volume for each sample was measured according to an ASTM G99 standard [23] , following Equation (1), after doing at least two tests under the same experimental conditions with standard deviations lower than 5%.
where R is the wear-track radius, d is the wear-track width, and r is the steel ball's radius. Before and after each tribological test, the sample disc was cleaned with isopropyl alcohol (99.5%) in an ultrasonic cleaner, before being dried in air. A Nanovea ST400 profilometer (Irvine, CA, USA) was applied to get the three-dimensional (3D) and profile images of the wear tracks. After that, a Tescan Mira3 (Warrendale, PA, USA) scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) were used to analyze the wear mechanism and surface interaction.
Results
NMR Characterization, and Viscosity and Thermagravimetric Analysis of DCi
1 H NMR spectroscopy was performed to confirm the ionic structure of DCi, and the results are shown in Figure 2 . When δ = 4.46, it corresponded to the hydrogen of OH and NH from the cations. The peaks for δ = 3.55-3.60 corresponded to the hydrogens of methylene in the cations. When δ = 2.77-2.85, the peaks were related to the H of CH2, whose carbon atom is connected to the nitrogen of DCi was added to MO with concentrations of 1 wt % and 2 wt %. A magnetic stirrer was used for 6 h at room temperature until the DCi was completely dissolved in the base mineral oil. After this process, the lubricants were ultrasonicated for one hour to obtain two homogenous mixtures with clear and transparent appearances. Neat MO was also used for comparison purposes. Each tribological test was conducted under a constant normal load of 2.94 N, which corresponds to a mean effective Hertz contact pressure of 1.00 GPa, a sliding distance of 850 m, and a wear-track radius of 10 mm at room temperature. At least three tests were performed under identical conditions for each lubricant, and the lubricant amount was set as 1 mL with no more lubricant added during each test. The friction coefficient along with the sliding distance was constantly recorded for each test.
Disc volume loss = 2πR(r 2 sin
where R is the wear-track radius, d is the wear-track width, and r is the steel ball's radius. Before and after each tribological test, the sample disc was cleaned with isopropyl alcohol (99.5%) in an ultrasonic cleaner, before being dried in air. A Nanovea ST400 profilometer (Irvine, CA, USA) was applied to get the three-dimensional (3D) and profile images of the wear tracks. After that, a Tescan Mira3 (Warrendale, PA, USA) scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) were used to analyze the wear mechanism and surface interaction. 2.77-2.85, the peaks were related to the H of CH 2 , whose carbon atom is connected to the nitrogen of the cations. Furthermore, the fourth peak is the characteristic peak of H in DMSO-d 6 (δ = 2.5). The subsequent peaks were related to the H in C-OH of the anions.
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Figure 2. NMR spectrum of tri-[bis(2-hydroxyethylammonium)] citrate (DCi).
The average dynamic viscosity values as a function of temperature of MO and neat DCi are shown in Figure 3 . The viscosity of both MO and DCi decreased as the temperature increased. This increase was particularly noticeable for DCi, where, at 25 °C, the viscosity was 321,671.4 cP, and, at 100 °C, the viscosity decreased to 941.2 cP. The thermal stability of MO and DCi were examined using thermogravimetric analysis (TGA), and the results are summarized in Figure 4 and Table 3 . MO showed higher thermal stability than DCi, with onset decomposition temperatures of 291.2 °C and 191.2 °C, respectively. When 1 wt % DCi and 2 wt % DCi were added to MO, the mixtures exhibited even better thermal stabilities than MO. The average dynamic viscosity values as a function of temperature of MO and neat DCi are shown in Figure 3 . The viscosity of both MO and DCi decreased as the temperature increased. This increase was particularly noticeable for DCi, where, at 25 • C, the viscosity was 321,671.4 cP, and, at 100 • C, the viscosity decreased to 941.2 cP.
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Effect of Sliding Velocity
Three sliding velocities (0.10, 0.15, and 0.20 m/s) were used under a constant normal load of 2.94 N. Figure 5 shows the average value of the friction coefficient for the different velocities using MO and MO + 1% DCi as lubricants. From the figure, the addition of 1 wt % DCi to MO slightly reduced the friction coefficient at all velocities with a maximum friction reduction of 10% at 0.20 m/s. 
Three sliding velocities (0.10, 0.15, and 0.20 m/s) were used under a constant normal load of 2.94 N. Figure 5 shows the average value of the friction coefficient for the different velocities using MO and MO + 1% DCi as lubricants. From the figure, the addition of 1 wt % DCi to MO slightly reduced the friction coefficient at all velocities with a maximum friction reduction of 10% at 0.20 m/s. The average values of the wear volume of the aluminum discs as a function of sliding velocity are shown in Figure 6 . It is important to mention that no wear on the steel balls was observed under the conditions studied. For both lubricants, wear volume was reduced when the sliding velocity increased from 0.10 m/s to 0.15 m/s, and increased again from 0.15 m/s to 0.20 m/s. A velocity of 0.15 m/s may be optimal for the molecules of the lubricant to form an ordered layer that separates the surfaces in contact [24] . Higher temperatures due to higher speeds may have a negative effect on the The average values of the wear volume of the aluminum discs as a function of sliding velocity are shown in Figure 6 . It is important to mention that no wear on the steel balls was observed under the conditions studied. For both lubricants, wear volume was reduced when the sliding velocity increased from 0.10 m/s to 0.15 m/s, and increased again from 0.15 m/s to 0.20 m/s. A velocity of 0.15 m/s may be optimal for the molecules of the lubricant to form an ordered layer that separates the surfaces in contact [24] . Higher temperatures due to higher speeds may have a negative effect on the formation of this layer. Wear volumes on the aluminum discs were always smaller when the PIL was added to the mixture, with a maximum wear reduction of 20% with respect to MO at 0.15 m/s. formation of this layer. Wear volumes on the aluminum discs were always smaller when the PIL was added to the mixture, with a maximum wear reduction of 20% with respect to MO at 0.15 m/s. Figure 7 shows the optical images of the aluminum worn surfaces after tests of samples lubricated with MO and MO + 1% DCi at 0.10 m/s. The wear-track width decreased to 8% when IL was used as additive, which resulted in a reduction in wear volume. For both lubricants at this velocity, the wear mechanism was mainly abrasive with a component of plastic deformation at the borders of the wear tracks. The amount of plastically deformed materials was reduced with the presence of DCi in the MO (Figure 7d) .
As mentioned previously, the wear volume of steel discs reached a minimum at 0.15 m/s ( Figure  6 ). As can be seen in the optical micrographs of the worn surfaces of Figure 8 , at this velocity, the addition of 0.1 wt % DCi to the MO reduced the wear-track width on the aluminum discs, as well as the plastic deformation component of wear. A strong plowing effect was still present for both lubricants (Figure 8c,d ). Figure 7 shows the optical images of the aluminum worn surfaces after tests of samples lubricated with MO and MO + 1% DCi at 0.10 m/s. The wear-track width decreased to 8% when IL was used as additive, which resulted in a reduction in wear volume. For both lubricants at this velocity, the wear mechanism was mainly abrasive with a component of plastic deformation at the borders of the wear tracks. The amount of plastically deformed materials was reduced with the presence of DCi in the MO (Figure 7d ). formation of this layer. Wear volumes on the aluminum discs were always smaller when the PIL was added to the mixture, with a maximum wear reduction of 20% with respect to MO at 0.15 m/s. Figure 7 shows the optical images of the aluminum worn surfaces after tests of samples lubricated with MO and MO + 1% DCi at 0.10 m/s. The wear-track width decreased to 8% when IL was used as additive, which resulted in a reduction in wear volume. For both lubricants at this velocity, the wear mechanism was mainly abrasive with a component of plastic deformation at the borders of the wear tracks. The amount of plastically deformed materials was reduced with the presence of DCi in the MO (Figure 7d) .
As mentioned previously, the wear volume of steel discs reached a minimum at 0.15 m/s ( Figure  6 ). As can be seen in the optical micrographs of the worn surfaces of Figure 8 , at this velocity, the addition of 0.1 wt % DCi to the MO reduced the wear-track width on the aluminum discs, as well as the plastic deformation component of wear. A strong plowing effect was still present for both lubricants (Figure 8c,d ). As mentioned previously, the wear volume of steel discs reached a minimum at 0.15 m/s ( Figure 6 ). As can be seen in the optical micrographs of the worn surfaces of Figure 8 , at this velocity, the addition of 0.1 wt % DCi to the MO reduced the wear-track width on the aluminum discs, as well as the plastic deformation component of wear. A strong plowing effect was still present for both lubricants (Figure 8c,d) . Increasing the sliding velocity from 0.10 m/s to 0.15 m/s reduced the wear volume of the steel disc by up to 6.5% and increased the amount of plastically deformed material at the border of the wear scars, particularly for MO + 1% DCi. From 0.15 m/s to 20 m/s (Figures 8 and 9 ), a transition from mainly abrasive to mostly adhesive wear was observed for both lubricants. Increasing the sliding velocity from 0.10 m/s to 0.15 m/s reduced the wear volume of the steel disc by up to 6.5% and increased the amount of plastically deformed material at the border of the wear scars, particularly for MO + 1% DCi. From 0.15 m/s to 20 m/s (Figures 8 and 9 ), a transition from mainly abrasive to mostly adhesive wear was observed for both lubricants. Figure 10 shows the average value of the friction coefficient at a sliding velocity of 0.15 m/s with different lubricants. When DCi was used as an additive in MO, a slight reduction in friction coefficient was obtained. The highest friction reduction was obtained when MO + 2% DCi was used (nearly 16% reduction compared to MO). Figure 10 shows the average value of the friction coefficient at a sliding velocity of 0.15 m/s with different lubricants. When DCi was used as an additive in MO, a slight reduction in friction coefficient was obtained. The highest friction reduction was obtained when MO + 2% DCi was used (nearly 16% reduction compared to MO). Figure 10 shows the average value of the friction coefficient at a sliding velocity of 0.15 m/s with different lubricants. When DCi was used as an additive in MO, a slight reduction in friction coefficient was obtained. The highest friction reduction was obtained when MO + 2% DCi was used (nearly 16% reduction compared to MO). Figure 12 summarizes the average wear volume on steel discs for MO, MO + 1% DCi, and MO + 2% DCi at a sliding velocity of 0.15 m/s. From the figure, as the concentration of DCi increased in the MO, the wear volume decreased. When MO + 1% DCi was used, a reduction of almost 20% was obtained compared to MO. The addition of 2% DCi to the MO reduced wear volume by almost 40%. The optical images of the worn surfaces are summarized in Figure 13 . When MO was used as a lubricant, the wear mechanism was mainly abrasion with a component of plastic deformation at the edges of the wear tracks. As the concentration of PIL increased in the mixture, a smaller amount of plastically deformed material was observed. The optical images of the worn surfaces are summarized in Figure 13 . When MO was used as a lubricant, the wear mechanism was mainly abrasion with a component of plastic deformation at the edges of the wear tracks. As the concentration of PIL increased in the mixture, a smaller amount of plastically deformed material was observed. The wear reduction on the aluminum discs when 2 wt % DCi was added to the MO is clearly seen in the 3D images ( Figure 14) and two-dimensional (2D) profiles (Figure 15 ) of the worn surfaces. The wear tracks after tests lubricated with MO + 2% DCi were not only narrower, but also shallower (see Figures 14 and 15 ) compared to those obtained after tests lubricated with MO. It is important to note that the amount of plastically deformed material at the edges of the wear path was negligible ( Figure 15 The wear reduction on the aluminum discs when 2 wt % DCi was added to the MO is clearly seen in the 3D images ( Figure 14) and two-dimensional (2D) profiles (Figure 15 ) of the worn surfaces. The wear tracks after tests lubricated with MO + 2% DCi were not only narrower, but also shallower (see Figures 14 and 15 ) compared to those obtained after tests lubricated with MO. It is important to note that the amount of plastically deformed material at the edges of the wear path was negligible ( Figure 15 ) when the IL was present in the lubricant.
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9. Wear tracks for a sliding velocity of 0.20 m/s: (a) MO; (b) MO + 1% DCi. Images are displayed with 50× magnification.
For the sliding velocity of 0.15 m/s, SEM and EDS were performed to analyze the wear mechanism. Figure 16 shows the wear-track images obtained under SEM for tests with MO and MO + 2% DCi. An abrasive wear mechanism was confirmed for both lubricants. However, the abrasion marks were deeper (Figure 16a,c) when the aluminum surface was lubricated with MO. The accumulation of plastically deformed material at the edges of the wear tracks are again evident in Figure 16c .
The wear reduction on the aluminum discs when 2 wt % DCi was added to the MO is clearly seen in the 3D images ( Figure 14) and two-dimensional (2D) profiles (Figure 15 ) of the worn surfaces. The wear tracks after tests lubricated with MO + 2% DCi were not only narrower, but also shallower (see Figures 14 and 15 ) compared to those obtained after tests lubricated with MO. It is important to note that the amount of plastically deformed material at the edges of the wear path was negligible ( Figure 15 ) when the IL was present in the lubricant. For the sliding velocity of 0.15 m/s, SEM and EDS were performed to analyze the wear mechanism. Figure 16 shows the wear-track images obtained under SEM for tests with MO and MO + 2% DCi. An abrasive wear mechanism was confirmed for both lubricants. However, the abrasion marks were deeper (Figure 16a,c) when the aluminum surface was lubricated with MO. The accumulation of plastically deformed material at the edges of the wear tracks are again evident in Figure 16c . Figure 17 shows a comparison of the EDX analysis obtained for both the inside and the outside of the wear track using MO and MO + 2% DCi. A slightly higher amount of O and C was found inside the wear track compared to the outside when the surface was lubricated with MO. When 2 wt % DCi was added to the lubricant, a much higher amount of O and C was observed inside the wear track compared to the outside. The formation of a tribolayer rich in O and C [25, 26] may be responsible for the reductions in friction and wear.
For the sliding velocity of 0.15 m/s, SEM and EDS were performed to analyze the wear mechanism. Figure 16 shows the wear-track images obtained under SEM for tests with MO and MO + 2% DCi. An abrasive wear mechanism was confirmed for both lubricants. However, the abrasion marks were deeper (Figure 16a,c) when the aluminum surface was lubricated with MO. The accumulation of plastically deformed material at the edges of the wear tracks are again evident in Figure 16c . Figure 17 shows a comparison of the EDX analysis obtained for both the inside and the outside of the wear track using MO and MO + 2% DCi. A slightly higher amount of O and C was found inside the wear track compared to the outside when the surface was lubricated with MO. When 2 wt % DCi was added to the lubricant, a much higher amount of O and C was observed inside the wear track compared to the outside. The formation of a tribolayer rich in O and C [25, 26] may be responsible for the reductions in friction and wear. 
Conclusions
In this work, the lubricating ability of a protic ionic liquid was studied as an additive to an MO for an aluminum-steel contact at different sliding velocities and concentrations. When 1 wt % DCi was used as an additive in MO, friction and wear were reduced compared to that seen with the neat MO at all velocities studied. Increasing the IL concentration from 1 wt % to 2 wt % reduced friction and wear, with a maximum reduction of 16% for friction and 40% for wear compared to MO.
Optical and SEM images of the worn surfaces showed that the wear mechanism was mainly abrasion with a component of plastic deformation at the edges of the wear tracks. As the concentration of PIL increased in the lubricant mixture, a smaller amount of plastically deformed material was observed. EDX analysis confirmed the presence of a higher amount of O and C inside the wear track when DCi was present. This tribolayer may be responsible for the reductions in friction and wear.
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